Phorbol esters activate protein kinase C and induce expression of the c-fos and c-myc protooncogenes in density-arrested BALB/c 3T3 (A31) cells; in contrast, epidermal growth factor (EGF) does not activate protein kinase C and is a poor inducer of c-fos and c-myc in these confluent cells. We show that, when A31 cells were subconfluent and made quiescent by serum deprivation, the phorbol ester phorbol 12-myristate 13-acetate induced c-fos and c-myc mRNA poorly, whereas EGF was a better inducer. Another platelet-derived growth factor-inducible gene, JE, did not show this differential regulation by phorbol 12-myristate 13-acetate and EGF. The ability of EGF to induce protooncogene mRNA was associated with elevated levels of intracellular cAMP. First, serumdeprived cells maintained cAMP at about 2-fold higher level than density-arrested cells. Second, induction was greatly enhanced by cholera toxin and 3-isobutyl-1-methylxanthine, which increased intracellular cAMP 3-to 10-fold. The calcium ionophore A23187 mimicked EGF in that it elevated c-fos and c-myc mRNA when administered with cholera toxin and isobutylmethylxanthine. Neither cholera toxin and isobutylmethylxanthine nor A23187 appreciably induced these mRNAs when used alone. Our results suggest that c-fos and c-myc expression can be regulated by an EGF-directed pathway that utilizes calcium and cAMP as cooperating cytoplasmic messengers.
isobutylmethylxanthine. Neither cholera toxin and isobutylmethylxanthine nor A23187 appreciably induced these mRNAs when used alone. Our results suggest that c-fos and c-myc expression can be regulated by an EGF-directed pathway that utilizes calcium and cAMP as cooperating cytoplasmic messengers.
Hormones and growth factors regulate cell proliferation in vivo and in culture (1, 2) . Polypeptide growth factors bind to cell surface receptors and within seconds cytoplasmic second messengers are generated. These second messengers presumably are the seminal agents that stimulate nuclear and cytoplasmic events required for cell proliferation (3, 4) .
Growth factors that stimulate quiescent BALB/c 3T3 (A31) fibroblasts to initiate DNA synthesis have been identified and include platelet-derived growth factor (PDGF), epidermal growth factor (EGF), and insulin-like growth factor I (IGF-I) (5) (6) (7) (8) . Density-arrested A31 cells require PDGF to enter a state termed competence, in which the cells are rendered responsive first to EGF and then to IGF-I (6-8), whereas cells arrested at subconfluence require only EGF and IGF-I (9, 10) . PDGF increases the mRNA levels of an estimated 30 genes (11) . Among these are the c-fos and c-myc protooncogenes (12, 13) , both of which encode nuclear proteins (14) . The rapid stimulation of c-fos and c-myc expression by PDGF and other mitogens supports the idea that protooncogenes, whose altered retroviral counterparts cause tumorigenic transformation, function as regulators of normal cell proliferation. Upon binding to its receptor, PDGF activates phospholipase C (3, 4, 15, 16) , which generates two second messengers by cleaving phosphatidylinositol to inositol triphosphate and diacylglycerol. Inositol triphosphate releases intracellular Ca+, while diacylglycerol activates protein kinase C, a protein kinase important in several cell processes including proliferation (17) . Indeed, phorbol ester tumor-promoters activate protein kinase C directly (3, 4, 17) , and these compounds also induce c-fos and c-myc mRNA (12, 13) . Thus, one mechanism of PDGF-induced gene expression is via activation of protein kinase C. By contrast, EGF does not stimulate phosphatidylinositol hydrolysis or activate protein kinase C in A31 or human fibroblasts (4, 10, 18) , suggesting that EGF regulates proliferation in these cells by other mechanisms.
Some polypeptide hormones activate adenylate cyclase upon binding to their receptors, generating the second messenger cAMP (4) . cAMP is a positive regulator of yeast cell proliferation (19) . In higher eukaryotes, the role of cAMP in cell growth is controversial, although there is evidence that cAMP can be a positive regulator of 3T3 cell, proliferation (20) (21) (22) . Moreover, the c-ras protooncogene family is related to a family of proteins [the GTP binding (G) proteins] that are major regulators of adenylate cyclase and possibly other membrane-associated enzymes (23) . Thus, one might expect cAMP to regulate one or more growth regulatory events. Despite this expectation, PDGF, EGF, or IGF-I are not known to activate adenylate cyclase (4). However, Pruss and Herschman (20) and Pledger and coworkers (22) have shown in several cell lines that EGF-induced mitogenesis is potentiated by elevated levels of intracellular cAMP. Thus, EGF may cooperate with cAMP to regulate cell proliferation in a positive fashion.
In this paper, we show that cAMP is a positive regulator of c-fos and c-myc mRNA levels in A31 cells provided the cells receive a simultaneous signal, probably an influx of Ca2", from EGF.
MATERIALS AND METHODS
Materials. Calf serum was from HyClone Laboratories (Logan, UT); EGF was from Collaborative Research (Waltham, MA) (receptor grade) or Biomedical Technologies; phorbol 12-myristate 13-acetate (PMA), cholera toxin, isobutylmethylxanthine, and A23187 were from Sigma. Radioisotopes were from ICN. Enzymes used to generate probes were from New England Biolabs or Boehringer Mannheim. cAMP radioimmunoassay kit was from New England Nuclear.
Cell Culture. Murine BALB/c 3T3 fibroblasts (A31 cells) were grown as described (24) . Cells for confluence were plated at 5 x 105 cells per 150-mm culture dish in 15% (vol/vol) calf serum. After 3 days, the cells were fed with 10% (vol/vol) calf serum; after an additional 2-3 days, they were Abbreviations: PDGF, platelet-derived growth factor; EGF, epidermal growth factor; IGF-I, insulin-like growth factor I.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 8217 confluent and quiescent. Serum-deprived, subconfluent cells were plated identically; after 3 days they were given 0.4% calf serum and 2 days later, they were quiescent. Quiescence and stimulation from quiescence were confirmed on parallel cultures in 35-mm dishes from the percent labeled nuclei after a 24-hr pulse with [3H]thymidine followed by autoradiography (24) .
RNA Isolation and Analyses. Total cellular RNA was purified and quantitated as described (25) . Quantitation was confirmed by separation on 1% agarose/formaldehyde gels and staining of rRNA with ethidium bromide. c-myc mRNA was detected by Si-nuclease analysis, as described (26) . c-myc mRNA protects a 291-base fragment from Si-nuclease digestion. c-fos and JE mRNA were detected by RNA gel blot analysis, as described (25, 26) , using 32P-labeled nick-translated v-fos (27) or JE (11) sequences as probes. mRNA abundance was quantified by densitometry after autoradiography on preflashed film.
cAMP Assays. Cells (5 x 106 cells) were extracted three times with 2 ml of 10% (wt/vol) trichloroacetic acid, the extracts were pooled, and acid was removed by ether extraction. Samples were lyophilized, solubilized in 1 ml of water, and 100 ,.l was assayed for cAMP by radioimmunoassay using a commercial kit. 45 min 120 min RESULTS Induction of c-fos, c-myc, and JE mRNA by Serum, PMA, or EGF. A31 cells were made quiescent by growth to confluence (density arrested) or by serum deprivation at subconfluence (serum deprived). Quiescent cells were given fresh medium containing 15% (vol/vol) calf serum, 100 nM PMA in serum-free medium [an activator of protein kinase C (17)], or EGF at 10 ng/ml in serum-free medium, which does not activate this kinase in A31 cells (10) . RNA was isolated after 45 or 120 min. The relative abundance of three following mRNAs was determined: c-fos and c-myc, from protooncogenes that encode nuclear proteins (14) , and JE, from a PDGF-inducible gene of unknown function (11) .
Cells made quiescent by either method above contained low levels of JE mRNA, even lower levels of c-myc mRNA, and undetectable levels of c-fos mRNA. Because the levels of c-fos and c-myc mRNA were so low, it was difficult to quantify the absolute magnitude of the induction by mitogens. PMA caused a large induction of both protooncogene mRNAs in density-arrested cells, as reported (12, 13) , and was more effective than serum (Fig. 1A) . However, in serum-deprived cells, PMA was less effective by a factor of 5-10 than serum in inducing c-myc and c-fos mRNA (Fig.  1B) . PMA concentrations as high as 1 ,uM did not improve the response (data not shown). In striking contrast to the protooncogene mRNAs, JE mRNA was induced similarly by serum and PMA, regardless of the method of growth arrest ( Fig. 1 A and B) .
PMA was a poorer mitogen for serum-deprived cells than for density-arrested cells, as judged by ability to stimulate DNA synthesis in the presence of insulin, although the mitogenic response of density-arrested cells was generally low. The results suggested that an intracellular pathway, independent of protein kinase C, might activate c-fos and c-myc expression, and possibly proliferation, in serumdeprived A31 cells.
In contrast to PMA, EGF was a better inducer of c-fos and c-myc mRNA levels in serum-deprived cells than in densityarrested cells, although the potency relative to serum was variable (20-60% in serum-deprived cells; 10-20o or less in density-arrested cells, particularly if the cells were incubated in platelet-poor plasma 16-24 hr prior to stimulation). In general, serum-deprived cells showed the reverse sensitivity to EGF and PMA compared to density-arrested cells (Fig. 2 A and B and Table 1 ). Again in striking contrast, JE mRNA was induced similarly by EGF and PMA, regardless of the method of growth arrest (Fig. 2 A and B) . Insulin (1 ,ug/ml), acting through the IGF-I receptor, is needed in late G1 (5) (6) (7) (8) and did not induce c-fos or myc mRNA in quiescent cells (Fig. 2 A and B) .
The results suggest that induction of c-fos and c-myc mRNA levels and DNA synthesis can be initiated by an EGF-directed pathway that is more active in serum-deprived cells than in density-arrested cells. The following experiments were designed to identify intracellular messengers that might regulate this pathway.
Synergism Between EGF and cAMP. Pruss and Herschman (20) and Pledger and coworkers (22) have shown that in some cell lines the mitogenic activity of EGF is potentiated by cholera toxin, which activates adenylate cyclase thereby raising intracellular cAMP. In addition, earlier studies showed that serum deprivation increased intracellular cAMP in some cell lines (28) (29) (30) . We, therefore, determined the cAMP level in density-arrested and serum-deprived A31 cells and found nearly twice as much as in serum-deprived cells (Fig. 3) . Although small changes in cAMP can have strong biological effects (4, 28-31), we did not know whether the difference in cAMP accounted for the difference in sensitivity to EGF. We next stimulated density-arrested cells with EGF and agents that increase intracellular cAMP (Fig. 3) , namely cholera toxin at 1 ,g/ml and 0.1 mM isobutylmethylxanthine. Isobutylmethylxanthine inhibits the phosphodiesterase that degrades cAMP (4 cAMP 2-to 3-fold and enhanced the ability of EGF to induce c-myc mRNA by 3-to 5-fold; cholera toxin and isobutylmethylxanthine increased cAMP levels more than 10-fold and enhanced the potency of EGF 5-to 10-fold (Figs. 3 and 4) . In the case of c-fos, cholera toxin and isobutylmethylxanthine potentiated by about 10-fold the induction by EGF. However, cholera toxin and isobutylmethylxanthine had no effect on the induction of c-fos or c-myc mRNA by PMA in densityarrested cells (Fig. 4) , and these agents were often slightly Mitogens were added in serum-free medium containing insulin at 1 ,ug/ml and [3H]thymidine at 2 ,uCi/ml (1 Ci = 37 GBq). After 24 hr, the cells were processed for autoradiography of labeled nuclei. Insulin had no effect on the % of labeled nuclei in quiescent cells. When confluent cells were serum deprived for 24 hr and then stimulated with EGF or PMA, the % of labeled nuclei was 30 and <5%, respectively. Results are the averages of two to five independent experiments. FIG. 3 . Relative cAMP in density-arrested and serum-deprived, subconfluent cells. Quiescent (Q) cells were given cholera toxin (C; 1 ug/ml) or cholera toxin and isobutylmethylxanthine (C and I; 1 ag/ml and 0.1 mM, respectively) for 2 hr, and the cAMP levels were determined. The levels were 3.7 ± 1.2 pmol per 106 cells for density-arrested cells (A) and 6.3 ± 2.0 pmol per 106 cells for serum-deprived cells (B), averaged over three experiments (P < 0.2). cAMP levels were higher in serum-deprived than in density-arrested cells by ratios of 1.7, 1.7, and 1.8.
antagonistic to PMA. The results suggest that cAMP regulates an EGF-directed pathway leading to elevated c-fos and c-myc expression.
Cholera toxin and isobutylmethylxanthine alone increased c-fos and c-myc mRNA minimally when administered in serum-free medium (Fig. 4) and slightly more when administered in spent [initially 10o (vol/vol) serum] medium (data not shown). Cholera toxin and isobutylmethylxanthine may synergize with EGF-like factors in the spent medium (31) . In support of this view, cholera toxin and isobutylmethylxanthine enhanced the induction of c-fos and c-myc mRNA by serum in density-arrested (Fig. 4 ) and, to a lesser extent, serum-deprived cells. Finally, when cAMP in serum-deprived cells was further elevated by cholera toxin and isobutylmethylxanthine, the potency of EGF was further , , : , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 | S . 1 . . . . . . . . . . . . . . . . . . . . . . . .:
. . . . : . , k . , . . . . . . . . . . . , . . 1 i F . . . _ : . ; , . . . . . : t  , , : . . . . . . . . . . . . . . . . . . . Induction of protooncogene mRNA by calcium ionophore and cAMP. Density-arrested A31 cells were handled as described in the legend to Fig. 1 and stimulated as described in the legend to Fig. 4 . A23187 (A) was added at 0.5 mM. Q, Quiescent cells. Concentrations of stimulatory agents were as follows: E, EGF at 10 ng/ml; I, 0. 1 mM isobutylmethylxanthine; 100 nM PMA; C, cholera toxin at 1 ,.g/ml.
enhanced (data not shown). We conclude that increased intracellular cAMP is a positive regulator of the induction of c-fos and c-myc mRNA by EGF and possibly other growth factors.
Regulation by Ca2l. Growth factors that activate phospholipase C cause a transient increase in cytosolic free Cal' by release from an intracellular store (3, 4) . An EGF-stimulated increase in cytosolic Cal' was reported in some cells; however, the source of Ca2' appeared to be extracellular (32, 33) . We asked whether an increase in cytosolic Cal' might mimic the effect of EGF on c-fos and c-myc mRNA levels.
Density-arrested cells were given the calcium ionophore A23187 (0.5 AtM) in the absence or presence of cholera toxin.
RNA was then extracted and analyzed for c-fos and c-myc mRNA. A23187 alone had little or no effect on the expression of either gene. However, when given with cholera toxin or cholera toxin and isobutylmethylxanthine, c-myc and c-fos mRNA levels increased several fold (Fig. 5) (12, 13, 34) . c-fos expression is transient, returning to nearly undetectable levels within 2 hr (13, 34) , whereas c-myc expression stays above the quiescent level as long as cells are proliferating (25, 35) . The (17, 36) . However, cholera toxin and isobutylmethylxanthine only slightly inhibited the PMAinduced increase in c-fos and c-myc mRNA. Serum deprivation, therefore, appears to block some function(s) of the protein kinase C pathway by a mechanism unrelated to cAMP. In density-arrested cells, competence to respond to EGF may be cAMP-dependent since PDGF also activates phospholipase A2 and cyclooxygenase, thereby elevating prostaglandin synthesis (15, 37) . Some prostaglandins increase cAMP levels (3). We do not yet know whether EGF, cAMP, and PMA elevate Protooncogene expression by the same ultimate mechanism~s).
Our finding that cAMP enhances c-fos and c-myc mRNA induction may in part explain how this cyclic nucleotide can act as a positive growth regulator. In agreement with other studies (20, 22) , we found that cholera toxin increased the mitogenicity of EGF (Table 1) . However, cholera toxin and isobutylmethylxanthine actually inhibited DNA synthesis (ref. 38 and unpublished observation). Thus, chronic elevation of cAMP inhibits A31 cell proliferation. These findings are consistent with results in some cell systems showing that biphasic fluctuations in cAMP levels are needed for entry into S phase (39, 40) . The stimulatory effects of cAMP may be limited to certain early G0/G1 gene inductions. That cAMP increases expression of the c-fos and c-myc genes suggests a mechanism by which this second messenger could regulate normal cell growth, and by which derangements in cAMP metabolism could facilitate malignant transformation.
